The influence of natural toxicants and anthropogenic compounds on reproduction in food animals is significant in its economic impact, and the subject requires more research and further experimental substantiation. Confounding factors such as stress, nutritional status, season of the year, animal species involved, genetic variability, disease conditions, management factors, and so forth exacerbate the difficulty of making an accurate diagnosis and thereby may impede progress to improve reproductive performance on an individual operation. The interaction between the reproductive system and xenobiotics (reproductive toxicology) is a relatively new area of study and a subject of increasing interest, especially in the area of environmental exposures and potential work place toxicants affecting human health and reproduction. 1 Much of the experimental literature about this subject comes from rodent models designed to replicate human exposure; however, the extrapolation to food-producing animals is limited at best. The list of compounds in this article with known effects on reproductive function is extensive and represents most classes of chemicals in the environment; however, this list is not intended to be exhaustive.
toxicologic screening of samples of feed and or tissue. In livestock production systems, these investigations are often limited by economics, and the extent of the battery of tests must be determined in consultation between the animal producer, veterinarian, and diagnostician. Reproductive dysfunction includes all facets of reproduction, and when such dysfunction occurs failure to conceive, abortion, stillbirths, and anomalous fetuses may result.
Although the following discussion focuses on abnormal embryonic and fetal development (teratogenesis), many of the principles and methods outlined in this article may be used to investigate the other causes of reproductive dysfunction.
DEVELOPMENTAL TOXICOLOGY (TERATOGENESIS)
Although the exact molecular mechanism(s) is (are) unknown for many developmental anomalies, the production of an abnormal phenotype may be the result of a single (or multiple) defect(s) in the genotype, environmental insult, or animal-environmental interaction. This process results in tissues either failing to differentiate and develop or in incorrect tissue-tissue interactions. Subsequently, these failures impair normal development. Abnormal development occurs when a threshold of genetic and environmental insults is reached and the fetal compensatory mechanisms are overwhelmed; however, abnormal development is only part of the story of reproductive toxicology.
Six basic principles of teratology were originally described by Wilson 2 in 1959 and further defined in 1977. These principles have withstood the test of time and are applicable for not only developmental toxicology but for other types of reproductive dysfunction.
1. Genetic susceptibility. Embryonic/fetal susceptibility to teratogens depends on the interaction of genotype and putative teratogen. 2. Time of exposure. Developmental stage of the embryo/fetus at exposure or insult often determines the type of defect. The embryo is often more sensitive than the fetus because this is the stage of organogenesis. However, there are numerous examples whereby the teratogen adversely affects fetal development at various stages of pregnancy, such as lupine-induced "crooked calf disease." 3 3. Pathogenesis of defective development. Teratogenic agents may act on cells or tissues by specific biochemical mechanisms to induce the abnormal development. 4. Definition of abnormal development. The final manifestation of abnormal development may include death with subsequent resorption or abortion, morphologic malformations, growth retardation, behavioral anomalies, or organ system dysfunction. 5. Chemical nature of the teratogen. The access and adverse influence to embryonic or fetal tissues or organs depend on the biologic, chemical, or physical nature of the teratogen. 6. Dosage. The amount of teratogen and size of dam influence the degree of insult from little or no effect to lethality. The effects and/or severity of the toxin or teratogen is dose dependent.
Many genetic, bacterial, and viral factors are responsible for certain malformations, and some of these may mimic defects induced by plant or chemical teratogens, thus confounding a diagnosis.
Causes of many human congenital malformations remain obscure, with estimates of 20% to 25% of developmental defects being attributable to genetic anomalies, 5% to identifiable toxicants, and the vast majority (40%-60%) to unknown causes associated with gene-toxicant interactions. 4,5 While Wilson's principles defining abnormal development have been validated consistently over time, the mechanisms responsible for xenobiotic-induced congenital defects remain elusive, and few studies have identified the pathways of the abnormalities. However, this area of research is rapidly progressing by using molecular tools superimposed on toxins with known effects. 6, 7 Table 1 outlines teratogenic plants and Table 2 documents other xenobiotics with teratogenic effects.
ABORTION-INDUCING TOXICANTS
Certain natural toxins from plants, fungi, and man-made toxicants have been implicated or associated with abortion, embryonic death, or neonatal loss. In Tables 3-6 the toxicants of significance to animals are listed, accompanied by the chemical name of the toxicant (if known), the clinical effects, and species affected. Table 4 specifically lists pines, junipers, and other tree and shrub species that contain the abortifacient toxin isocupressic acid (ICA) or ICA derivatives associated with the so-called pine-needle abortion syndrome in cattle. 10, 11 ICA was identified as the primary abortifacient in cattle from Ponderosa pine, 10 and since its discovery numerous tree and shrub species have been screened and found to contain ICA or related compounds (see Table 4 ). As toxin-induced abortions are relatively rare, more frequent causes should be excluded first. The differential diagnosis should also include bacterial or viral agents such as salmonellosis, brucellosis, leptospirosis, mycotic placentitis, bovine viral diarrhea (BVD), infectious bovine rhinotracheitis (IBR), and so forth, and nutritional factors such as deficiencies in b-carotene, selenium, copper, iron, iodine, and so forth. [12] [13] [14] [15] Other factors may also be considered such as removal of corpus luteum by palpation or pharmacologically, insemination of the pregnant uterus, multiple fetuses, maternal anemia, uterine or umbilical torsion, rupture of amniotic vesicle, and so forth.
Unfortunately, identifying the exact diagnosis of abortion has a relatively low success rate (<40%). Of course, with improved clinical history, physical examination of affected animals and premises, blood tests, and postmortem evaluation, successful identification of the abortifacient is much better. There obviously is a need to advance methods and techniques to improve the exact diagnosis and to thoroughly identify causes of abortion. Readers are referred to Miller 12 for details of the diagnosis of abortion in livestock.
TOXICANTS AFFECTING FERTILITY
Toxicants causing infertility may result in a temporary reduction in reproductive function or may result in permanent dysfunction. Temporary infertility usually returns to normal when the source is removed and a period of time passes. Subtle changes in herd fertility are difficult to diagnose. Until production records are carefully evaluated and compared with past records, reductions in conception rates of 10% or less may go unrecognized. Even with good records, it is difficult to retrospectively implicate a toxicant when many other factors such as nutrition, stress, genetics, disease, and management may all contribute to such a reduction.
Toxins affecting reproduction may cause dysfunction through one or more mechanisms of action. Toxins may act directly by destroying oocytes or spermatocytes as do some alkylating agents; xenobiotics may act as hormone agonists or antagonists; or toxins may be metabolized to toxic intermediates or to putative compounds with 1 This research and the risk assessments in humans are generally determined using rodent models, primarily mice or rats. Although research using a rodent model clearly demonstrates potential problems, the direct extrapolation of results from these models to predict toxin-induced reproductive dysfunction or sexdependent differences in xenobiotic toxicity in livestock species or humans can be inadequate or misleading.
Effects of Xenobiotics and Phytotoxins
More than 50 years ago sex-linked differences were identified in xenobiotic metabolism. This difference was first observed in rats, where the female was found to be more sensitive to the effects of barbiturates than the male. 5 Subsequent studies demonstrated that in general, male rats have higher rates of xenobiotic metabolism than do females. This finding was further supported when experiments determined that female rats have 10% to 30% less total cytochrome P450 enzymes than male rats. 13 These sex-dependent differences are further demonstrated in the expression of cytochrome P450 isoforms that catalyze the hydroxylation of steroids. 16 While most literature on sex-dependent differences uses the rat model, there is some limited research suggesting similar sex-dependent differences in metabolism in mice, rabbits, dogs, monkeys, and humans. 1 In livestock there is very little if any research demonstrating similar differences.
Certain reproductive disorders in male children have been increasing in the last decade. 17 Reproductive tract abnormalities such as cryptorchidism, hypospadias, and testicular cancer are increasing in certain human populations. Declining sperm counts have also been reported in certain areas of the world. Similar reproductive disorders have been reported in wildlife species, and have been suggested to be caused by highly contaminated ecosystems. Although few of these types of reproductive disorders in livestock species have been associated with environmental toxicants, more and more anecdotal links are sure to come forth in this regard.
Where xenobiotic-induced reproductive dysfunction is suspected in livestock species, if at all possible the suspected toxicant should be evaluated in the target species. More research is needed to identify toxicants that have adverse impacts on livestock reproduction. Toxicants known to affect male and female fertility are listed in Tables 7 and 8 , and those affecting fowl are listed in Table 9 . 14, 15, 20, 37 Effects of Xenobiotics and Phytotoxins 
SUMMARY
With the technological advances made in molecular biology, biochemistry, chemical detection, and toxicology, reproductive toxicology has made significant progress in the identification of toxins and mechanisms of action. However, much of the reproductive toxicology research has been done in rodent models and may or may not be totally applicable to food-producing animals or humans. Novel molecular and biochemical probes will enable investigators to move to higher levels of sophistication in their search for mechanisms of action. 18 The charge to protect human health, animal health, and the environment from reproductive toxicants is a challenging one. An effective response will require the talents of multidisciplinary teams of scientists applying novel ideas and techniques. In this article the authors attempt to provide brief information in tabular form for rapid reference with regard to food-producing species. Although this list is undoubtedly incomplete, it demonstrates the extent and complexity of diagnosing the causes of reproductive dysfunction.
